In this essay, we consider highly entangled states in theories with a gravity dual, where the entangled degrees of freedom are causally disconnected from each other. Using the basic rules of holography, we argue that there is a non-traversable wormhole in the gravity dual whose geometry encodes the pattern of the entanglement.
Introduction
Consider two spatially separated spins, entangled into the state
as in the Einstein-Podolsky-Rosen (EPR) thought experiment. The density matrix ρ = |Ψ Ψ| is pure, but encodes non-trivial correlations. Single-spin measurements are uncorrelated, Ψ| S 1,2 |Ψ = 0, but the equal-time, connected correlator
is nonzero. G 12 signifies entanglement, insofar as it vanishes in product states. More precisely, G 12 = 0 cannot, by causality, arise from interactions between the spins, and so indicates non-trivial correlations in ρ. Now, after preparing the state, separate the spins so that they are forever after out of causal contact. Then local interactions between the spins cannot decohere the correlations (2) in (1), measured at later times. We term this sort of entanglement "EPR entanglement." In a pure state, any connected correlator like G 12 , with operators acting on causally disconnected degrees of freedom, provides a good measure of EPR entanglement. The AdS/CFT correspondence [1] , or holography, relates certain conformal field theories (CFTs) to quantum gravity on higher dimensional Anti-de-Sitter (AdS) spacetimes. Holography translates the physics of CFTs into statements about dual quantum gravity. Here we study the implications of EPR entanglement for AdS quantum gravity. It has been argued [2, 3] that the connectedness of the dual spacetime emerges from entanglement between spatially separated degrees of freedom. But how can a gravitational theory, hard-wired to respect causality, encode EPR correlations? In agreement with the ER-EPR conjecture [4] , we find a simple and surprising answer: the gravity dual contains a wormhole, albeit a non-traversable one. The holographic dual of EPR entanglement is a wormhole.
From entanglement to wormholes
We work with the duality between N = 4 SU (N ) super Yang-Mills (SYM) and IIB strings on AdS 5 × S 5 when the string theory is approximately semiclassical IIB supergravity, which is the N λ 1 limit (for λ the 't Hooft coupling). Setting the AdS radius to unity, the effective Newton constant on AdS 5 is G N ∼ 1/N 2 , while the string length is l s ∼ λ −1/4 .
To proceed, we find it useful to revisit the connectedness of the dual spacetime [3] by studying correlators of local operators as in (2) . In the N λ 1 limits, a two-point function of dimension-∆ operators is given by a path integral over bulk curves P(1, 2) connecting t1,x1 t2,x2 Figure 1 : (Left) A cartoon of the gravity dual for a CFT on two disconnected regions A and B, where the theory is in a product state. There are no bulk trajectories which go from one boundary to the other. (Right) The gravity dual of an entangled state. The dual spacetime is connected, and there are paths from A to B through the bulk. The diagonal black lines are event horizons, so that there are no timelike paths from A to B. This is an ER bridge.
the insertions, which are on the AdS boundary [5] ,
Here, timelike paths have real length. In the large ∆ limit (with ∆(∆−4) = m 2 ), the integral is approximately equal to its stationary phase approximation, which is the exponential of (i∆ times) the length of the shortest bulk geodesic connecting the insertions. So nonzero spacelike correlations imply the existence of bulk geodesics connecting spatially separated regions on the boundary, i.e. those correlations imply spatial bulk connectedness, and vice versa. See Fig. 1 . Moreover, those correlations decrease as L geo increases.
Consider now two causally disconnected sets of degrees of freedom, A and B, and suppose each has a gravity dual. Then the bulk has two asymptotically AdS regions with boundaries A and B. If A and B are entangled, then there are nonzero correlations between operators in A with those in B, which by (3) implies that there is a finite-length spacelike curve connecting the two boundaries. On the other hand, causality implies that no timelike curves connect the boundaries. We must therefore have bulk horizons that shield one asymptotic region from the other. From these simple arguments, we see that the gravity dual of EPR entanglement is a connected spacetime between different asymptotically AdS regions with horizons between them. This is a non-traversable wormhole, or Einstein-Rosen (ER) bridge.
Note that this argument only tells us that such a wormhole exists, and says nothing about whether it is smooth or weakly curved behind the horizons. We cannot expect that the geometry dual to a general entangled state is everywhere smooth and weakly curved [6, 7] . The simplest example of such a wormhole in AdS/CFT is the dual of a tensor-product CFT with CFTs on k different spatial spheres. In an unentangled state, the dual is k disconnected copies of global AdS, but the dual of an entangled state is a connected spacetime with k asymptotic AdS regions, shielded from each other by a k-sided horizon. When k = 2, the eternal AdS black hole is an example, dual to the thermofield double state of the CFT [8] . For k > 2 and d = 2 CFT, these wormholes have been constructed in [9] .
It was essential for our argument that A and B had O(N 2 ) degrees of freedom, "large" enough to have a gravity dual. However, there are entangled states that do not give rise to a wormhole geometry, for example by adding O(1) entangled excitations on top of the CFT vacuum, or cases where boundary causality does not require bulk horizons [10, 11] . The dual of a pair of entangled quarks is a fundamental string which contributes O( √ λ) entangled excitations, so naïvely it doesn't have a wormhole either. However, there is an analogous argument that the dual of entangled quarks contains a wormhole.
Holographic EPR pairs
Consider a quark-antiquark (q-q) pair added to N = 4 SYM, entangled into a color singlet and undergoing constant acceleration. As far as we know, this is the closest we can get to an EPR pair in holography [12, 13] (see also [14] ). The dual is a single fundamental string whose endpoints represent the quarks. For quarks of mass m, the string ends on a flavor brane [15] at z = z m = √ λ/(2πm), in coordinates where the AdS metric is
The AdS boundary is at z = 0. Turning on an electric field E = m/b on the brane, entangled q-q pairs are created via the Schwinger effect and accelerated away from each other. The dual string is an expanding semi-circle [16] 
The quarks uniformly accelerate along
m . The whole process is described by patching together a Euclidean instanton describing the string creation with the Lorentzian solution (4) at t = 0, as depicted in Fig. 2 .
This setup exhibits EPR entanglement between the quarks since they are entangled into a color singlet, and are out of causal contact for all time. Indeed, the Euclidean/Lorentzian patching tells us that the state of the pair is, in close analogy with the eternal black hole [8] , where
is the inverse Rindler temperature. The Euclidean/Lorentzian patching can be viewed as the Hartle-Hawking construction for the q-q state. The sum (5) runs over single-quark eigenstates of the Rindler Hamiltonian and identifies their color c, so |Ψ is gauge-invariant. There are connected correlators which quantify the q-q entanglement, given by an expression like (3) in the large λ limit, where now the operators act on the quark and anti-quark Hilbert spaces. The curves P in (3) become curves on the string worldsheet. Running through the same arguments as above, mutatis mutandis, we conclude that EPR entanglement between the quarks implies that the induced metric of the dual string has a wormhole. Indeed, changing coordinates as
the worldsheet metric is the AdS 2 "black hole"
Its conformal diagram, Fig. 4 , illustrates the Hartle-Hawking construction of the eternal AdS 2 black hole [8, 17] . The two asymptotic regions are near the quark and antiquark. Furthermore, using the CHM map [12, 18, 19] , the q-q pair contributes to the entanglement entropy of a Rindler wedge as
This setup survives essentially unchanged under the addition of dynamical gravity to N = 4 through the Randall-Sundrum [20] scenario [21] . One can also prepare an initial state which is (5) plus fluctuations, by adding fluctuations of the string during the Euclidean part of its evolution. The worldsheet will still have a wormhole. Finally, worldvolume horizons have shown up in holography before; see e.g. [22] ; their physical interpretation has been somewhat unclear. This example suggests that worldvolume horizons indicate EPR entanglement between colored degrees of freedom.
Discussion
This work was inspired by the ER-EPR conjecture [4] . We have clarified what the conjecture means in holography. First, not all entanglement patterns in CFT are geometrized into wormholes. Rather (but still remarkably), the holographic dual of EPR entanglement is a wormhole. The basic rules of AdS/CFT tell us that such a wormhole must exist, but the dual of a general entangled state may not be everywhere smooth and weakly curved. Second, the dual wormholes provide a good description of entanglement when there is a good notion of spacetime (and worldsheet) geometry. In the small N and λ limits, CFT entanglement is better described with field theory correlations like (2), which may be taken to define a "stringy wormhole." Third, for CFT regions, which are entangled and remain forever out of causal contact, the gravity dual contains a wormhole; one requires O(N 2 ) entanglement to have a wormhole in the dual spacetime, and O( √ λ) entanglement for a wormhole on the induced geometry of a dual string.
We conclude with some interesting open questions. What is the holographic dual of decoherence, after bringing EPR entangled CFTs into causal contact? Are there wormholes in holography that bridge causally connected exteriors, and if so, what is the corresponding entry in the AdS/CFT dictionary? Finally, can one use exact results [23] for e.g. (8) to infer what happens to the worldsheet wormhole (7) at finite N and λ?
